Background
==========

Nanoparticle-based contrast agents for molecular imaging became a mainstay imaging tool for selectively detecting and imaging biological processes and diseases.[@b1-ijn-7-449]--[@b3-ijn-7-449] The use of the enhanced scattering properties of gold nanoparticles as near infrared (NIR) contrast agents is under intensive study.[@b4-ijn-7-449],[@b5-ijn-7-449] This promising field builds on the safety of nonionizing radiation, ease of generation, relatively high tissue penetration depth (due to the low absorption and scattering properties), and reduced auto-fluorescence of the tissue in this spectral range.[@b6-ijn-7-449] In addition, the particles' superior absorption properties have been utilized for photothermal therapy.[@b6-ijn-7-449]--[@b8-ijn-7-449]

Presented in this current work is a novel, noninvasive, and highly sensitive molecular cancer-detection method based on NIR diffusion reflection measurements of cancerous tissues that are targeted with gold nanorods (GNRs). The diffusion reflectance profile of an irradiated tissue depends on its absorption and scattering coefficients.[@b9-ijn-7-449],[@b10-ijn-7-449] The absorption coefficient of a tissue is predominantly determined by the concentration of the absorbance molecules, while the scattering coefficient depends mainly on the size and shape of the scattering components in the tissue, rather than their concentration. [@b11-ijn-7-449]--[@b13-ijn-7-449] Since imaging techniques that are based on scattering (with or without nanoparticles as contrast agents) suffer from relatively high background noise and low contrast, the diffusion reflection method proposes to focus mainly on the absorption properties of the targeted GNRs rather than their scattering properties. As a result, no contrast interruptions are expected.

Since GNRs have unique size- and shape-dependent optical properties, they can cause a significant change in the optical properties of the targeted tissue. Previous studies have presented diffuse reflectance measurements for cancer diagnosis[@b14-ijn-7-449]--[@b16-ijn-7-449] -- but without nanoparticles as contrast agents. The diffusion reflectance method described in this study presents higher efficiency and sensitivity resulting from the GNRs insertion that specifically target cancerous cells and significantly change their absorption.

In the present work, the diffusion reflectance detection method is demonstrated for head and neck cancer (HNC). The head and neck lymph nodes are located adjacent to the skin where visible-NIR light can easily penetrate. One of the major diagnosis challenges in HNC today is reliable detection of involved lymph nodes, since their status is one of the most important prognosis predictors and is also pivotal for appropriate treatment. However, assessment of lymph nodes based on currently available imaging techniques is limited in sensitivity and specificity and fails to distinguish between nonneoplastic and malignant processes. These limitations lead to the routine performance of prophylactic procedures such as extensive neck dissection and radiation. Hence, the development of more sensitive in vivo detection techniques is of major importance and could substantially improve HNC treatment and potential cure. In this present study, GNRs were synthesized and conjugated with anti-epidermal growth factor receptor (anti-EGFR) antibodies (Cetuximab), which home specifically to squamous cell carcinoma (SCC) HNC.[@b17-ijn-7-449]

These GNRs were intravenously injected into tumor-bearing mice. The feasibility of the diffusion reflection technique to detect cancer based on the absorption coefficient differences between cancerous and normal tissues following targeted GNRs injection was examined.

Materials and methods
=====================

The diffusion reflection method
-------------------------------

The diffusion model[@b10-ijn-7-449],[@b18-ijn-7-449],[@b19-ijn-7-449] is among the main approaches that best describe the light path in tissues. This approach assumes that light can be treated as a concentration of optical energy that diffuses down a concentration gradient. The loss of energy is caused by the absorbing and scattering components within the tissue.[@b10-ijn-7-449] The diffusion model can solve several classes of image or property recovery problems. One of the most common among them is the measured Γ(*ρ*). This Γ(*ρ*) function, which describes the reflected light intensity (defined as Γ) at the tissue surface in several light source-detector separations (defined as *ρ*), presents a strong correlation to the tissue optical properties, such as the absorption coefficient μ~a~ and the reduced scattering coefficient μ~s~′. The Γ(*ρ*) function was previously described by the general formula:[@b20-ijn-7-449],[@b21-ijn-7-449]
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where *c*~1~ is a constant, depending on the optical properties of the medium and on the sizes of the source and detector apertures; *n* is the power of *ρ*, which depends on *ρ*'s range and on the ratio μ~a~/μ~s~′ and μ is the effective attenuation coefficient given by $\mu = \sqrt{3\mu_{\text{a}} \cdot {\mu_{\text{s}}}^{\prime}}$ (for μ~a~ ·μ~s~′).[@b10-ijn-7-449] As mentioned above, GNRs have unique size- and shape-dependent optical properties. They have the ability to resonantly absorb and scatter visible and NIR light upon the excitation of their surface plasmon oscillation and usually present intense and narrow absorption/scattering peaks.[@b12-ijn-7-449] Since the Γ(*ρ*) profile highly depends on the tissue absorption and scattering properties, decorating the tumor with specifically targeted GNRs simply changes the measured Γ(*ρ*) in the tumor compared with normal tissue. This phenomenon exists as long as the reflected intensity is measured at a wavelength corresponding to the GNRs absorption/scattering surface plasmon resonance peak. In the current work, tissue-like phantoms and mice were irradiated with a 650 nm laser. At this wavelength, certain sizes of GNRs can have significant absorption but a negligible scattering coefficient.[@b12-ijn-7-449] As a result, the measurements in this work focused on the change in tissue absorption following the GNRs injection, rather than on the change in its scattering properties which is mostly measured in NIR molecular spectroscopy and imaging techniques.

Optical setup
-------------

A noninvasive optical technique (see [Figure 1](#f1-ijn-7-449){ref-type="fig"}) was designed and built for reflected light intensity measurements.[@b22-ijn-7-449] The setup includes a laser diode as an excitation source (650 nm), optically bundled to a fiber (125 μm diameter) for irradiation. A portable photodiode was used as a detector, deposited at different distances, *ρ*, on the sample surface in order to enable Γ(*ρ*) measurements. The photodiode's cross-section diameter was 1 mm^2^. The initial distance, *ρ*, between the light source and the first photodiode was \~1 mm. A micrometer plate, to which the optic fiber was attached, enabled a consecutive reflected light intensity measurement. The micrometer plate was moved in 20 incremental steps of 250 μm each. The reflected light intensity was collected from different source-detector distances (*ρ*) varying between 1 mm (the initial distance between the light source and the photodiode) to 6 mm. The reflected intensity, Γ(*ρ*) (in volts) was collected using a digital scope (Mso7034a; Agilent Technologies, Santa Clara, CA), and the data was processed using MATLAB. A schematic description of the measurement procedure is presented in [Figure 1](#f1-ijn-7-449){ref-type="fig"}.

Nanorod fabrication and targeting
---------------------------------

GNRs were synthesized using the seed mediated growth method.[@b23-ijn-7-449] Their size, shape, and uniformity were characterized using transmission electron microscopy (see [Figure 2](#f2-ijn-7-449){ref-type="fig"}), and the resultant size was 25 nm × 65 nm, with narrow size distribution (10%). A solution of GNRs suspended in cetyltrimethylammonium bromide (CTAB) (Sigma-Aldrich, St Louis, MO) was centrifuged at 11,000 g for 10 minutes, decanted, and resuspended in water to remove excess CTAB. To prevent aggregation, to stabilize the particles in physiological solution, and to improve blood circulation time, a layer of polyethylene glycol (mPEG-SH, molecular weight \[MW\] 5000 g/mol) (creative PEGWorks, Winston-Salem, NC) was adsorbed onto the GNRs. This layer also provided the chemical groups that are required for antibody conjugations (SH-PEG-COOH, MW 3400 g/mol).

The absorption spectrum of bare GNRs, PEGylated and anti-EGFR-coated GNR solutions were measured and are presented in [Figure 2](#f2-ijn-7-449){ref-type="fig"}. Zeta potentials[@b24-ijn-7-449] (ZetaSizer 3000HS, Malvern Instruments, Worcestershire, UK) of the resulting GNRs were measured ([Table 1](#t1-ijn-7-449){ref-type="table"}). The zeta potential indicates the stability of colloidal dispersions, and with regards to the GNRs, the zeta potential refers to the repulsion between adjacent, similarly charged particles. GNRs stabilized in CTAB solution showed cationic surfaces (+13.1 mV). This was due to adsorbed CTAB that has a quaternary amine as a hydrophilic head. In contrast, PEG-modified GNRs showed a nearly neutral surface (+0.87 mV).

To specifically target SCC HNC, the PEGylated GNRs were coated with Cetuximab (Erbitux, Merck KGaA, Germany), a monoclonal antibody against EGFRs that is highly sensitive to HNC SCC.[@b25-ijn-7-449] The binding of the EGFRs to the GNRs was confirmed by zeta potential measurement, resulting in a positive potential[@b25-ijn-7-449] (+5 mV, see [Table 1](#t1-ijn-7-449){ref-type="table"}). The antibody conjugated GNRs were stable for up to 3 months, confirmed by their maintenance of the same plasmon resonance.

Phantom preparation
-------------------

Solid phantoms with different absorption coefficients were prepared in order to simulate skin tissues with different optical properties.[@b26-ijn-7-449] The phantoms were prepared using India ink 0.1% as an absorbing component, Intralipid^®^ 20% (Lipofundin MCT/LCT 20%, B. Braun Melsungen AG, Melsungen, Germany) as a scattering component,[@b27-ijn-7-449] and 1% agarose powder (SeaKem LE Agarose, Lonza, Norwalk, CT) in order to convert the solution into a gel. The solutions were heated and mixed (at a mixing temperature of \~90°C) while the agarose powder was slowly added. The absorption spectrum of the India ink was determined using a spectrophotometer, and the absorption coefficient of each phantom was calculated according to the concentration of the ink in each solution. The scattering properties of the phantoms were determined according to the scattering coefficients presented by Cubeddu et al.[@b27-ijn-7-449] The phantoms were prepared in cell culture plates (90 mm) and were cooled under vacuum conditions (to avoid bubbles). Five phantoms with the same scattering properties and different absorption coefficients were prepared. Each phantom contained 2% of Intralipid and increasing concentrations of India ink: 5.0 × 10^−4^, 2.5 × 10^−3^, 5.0 × 10^−3^, 7.0 × 10^−3^, and 1.0 × 10^−1^ (%). The resulted scattering coefficient was \~1.6 mm^−1^, and the resulting absorption coefficients were μ~a~ = 0.0064, 0.0126, 0.0180, 0.0227, and 0.0295 mm^−1^, respectively.

GNRs (10 mg/mL) were added into two identical phantom solutions, containing 2 × 10^−3^% of ink and 2% of Intralipid (optical properties of μ~a~ = 0.0115 mm^−1^ and μ~s'~ = 1.6 mm^−1^) to achieve final concentrations of 0.03 and 0.008 mg/mL of gold in the phantoms. The solutions were heated and mixed at a temperature of approximately 90°C while the agarose powder was slowly added. Then, the phantom solutions were poured into a 24-well plate (each well with a 16 mm diameter) and were cooled under vacuum conditions.

In vitro experiment
-------------------

A-431 cells (2.5 × 10^6^) in 5 mL Dulbecco's modified Eagle's medium containing 5% fetal calf serum, 0.5% penicillin, and 0.5% glutamine were divided into two groups for a quantitative cell binding study (each experimental group was run in triplicate). The first group was incubated with 50 μL of anti-EGFR-coated GNRs (25 mg/mL) for 30 minutes at 37°C, and the second group (negative control) was incubated under the exact same conditions with anti-rabbit immunoglobulin G (IgG)-coated GNRs. After incubation, the medium was washed twice with phosphate buffered saline followed by the addition of 1 mL of aqua regia HCl:HNO~3~ (1:3) ( Sigma-Aldrich). After evaporation of the acid, the sediment was dissolved in 5 mL 0.05 M HCl. The gold concentrations of the samples were quantified by atomic absorption spectroscopy (AA 140; Agilent Technologies, Santa Clara, CA).

In vivo experiment
------------------

This new method for tumor detection was evaluated using mice bearing human HNC derived from an A-431 SCC cell line. A-431 cells (2 × 10^6^) were injected subcutaneously into the back flank area of 10--11-week-old nude mice. These cells express from 2 × 10^4^ to 2 × 10^6^ EGFRs per cell.[@b28-ijn-7-449],[@b29-ijn-7-449] When the tumor reached a size of 7--9 mm in diameter, the mice received 100 μL (25 mg/mL) of immuno-targeted GNRs by tail vein injection. Mice tumor and normal tissue (control \#1; identical organ on the opposite side, without tumor, after the GNRs injection) were scanned immediately after GNRs injection and up to 10 hours post-injection. As a control experiment, the same mice were scanned (tumor and normal tissues) before GNRs injection (control \#2 and \#3, respectively). Diffusion reflection measurements were performed on all samples to test the ability to specifically and sensitively detect tumors.

All in vivo measurements were performed under appropriate anesthesia: the mice barrier-controlled facility was under the strict care of the veterinarian in charge of the Institutional Animal Care and Use Committee (IACUC). The mice were inspected daily by the veterinarian, who handles the appropriate tests and treatment protocols, as required. All research protocols were followed closely by the veterinarian. All major procedures were performed in the surgical facilities using general anesthesia and standard, aseptic surgical techniques.

Results
=======

Phantom results
---------------

The reflected light intensity from five different phantoms was measured using the experimental setup described above. Representative results of the reflected light intensity profiles are presented in [Figure 3A](#f3-ijn-7-449){ref-type="fig"}. The experimental results correlate well with the analytical predictions of the diffusion theory: the larger the μ~a~, the sharper the graph's slope. The phantoms' absorption coefficients were 0.0064, 0.0126, 0.0180, 0.0227, and 0.0295 mm^−1^, and the slopes represent increasing respective negative values of: 0.57, 0.64, 0.69, 0.74, and 0.81. The increasing negative values of the slopes directly correlate with the increasing concentrations of ink in the phantoms. These results indicate the experimental setup's ability to clearly distinguish between different absorption coefficients.

[Figure 3B](#f3-ijn-7-449){ref-type="fig"} presents the reflected light intensity from three solid phantoms as follows: one homogeneous phantom (a solid phantom without GNRs, μ~a~ = 0.0115 mm^−1^ and μ~s~′ = 1.6 mm^−1^) and two phantoms containing 0.008 and 0.030 mg/mL of GNRs. The results clearly indicate that the presence of GNRs within the phantom increases the slope of the reflected intensity profile. Moreover, the higher the GNRs concentration, the sharper the reflectance graph slope. The phantom with 0.008 mg/mL of GNRs represents a negative slope of 1.11, while the phantom containing 0.030 mg/mL of GNRs represents a negative slope of 1.39. As mentioned above, the GNRs have high absorption at 650 nm but negligible scattering properties. Therefore, the observed increase in the graph's slope is due to the increase in the absorption of the irradiated phantom resulting from the presence of the GNRs.

In vitro cell-binding experiment
--------------------------------

To evaluate the specificity of the interaction between the antibody-coated GNRs and the A-431 SCC cancer cells (which highly express the EGFR), two types of GNRs were introduced to the cells: the first was specifically coated with anti-EGFR antibody; whilst the second, which was used as a negative control, was coated with a nonspecific antibody (anti-rabbit IgG). Flame atomic absorption spectroscopy measurements quantitatively demonstrated that the active tumor targeting (anti-EGFR-coated GNRs) was significantly more specific than the control experiment (anti-rabbit IgG-coated GNRs). The A-431 cells took up 21.8 ± 2.3 μg of targeted GNRs, whilst parallel cells in the negative control experiment absorbed only 0.20 ± 0.01 μg of GNRs.[@b25-ijn-7-449] These results correlate well with previously published studies, which report that head and neck SCC express from 2 × 10^4^ to 2 × 10^6^ EGFRs per cell.[@b28-ijn-7-449],[@b29-ijn-7-449]

In vivo results
---------------

The tumor-bearing mice were irradiated, under appropriate anesthesia, and the reflected light intensity was measured using the optical setup described above. The reflectance measurements were performed before the GNRs injection and for several delay times (15 minutes, 3, 5, and \>10 hours) post-injection. The slopes of the reflected light intensity profiles were calculated, and average results are shown in [Figure 4](#f4-ijn-7-449){ref-type="fig"}.

[Figure 4](#f4-ijn-7-449){ref-type="fig"} compares the reflected light intensity slopes (absolute values) of the cancerous and the normal tissues, for three representative times: (1) before GNRs injection (control \#2 and \#3), (2) immediately (\~15 minutes) after intravenous injection, and (3) more than 10 hours post-injection. It is clearly demonstrated that \>10 hours post GNRs injection there is a significant change (of more than 60%) between the reflectance profiles of the cancerous and the normal tissue (control \#1). This change results from specific accumulation of GNRs in the tumor. It is also demonstrated that immediately after GNRs injection, as well as for the delay times of 3 and 5 hours post-injection (results not shown), the reflectance profiles of both the cancerous and the normal tissues present an increase in their slopes, which indicates the GNRs' long circulating time in the blood. After that time, the GNRs were gradually cleared from the blood until their complete clearance from the normal tissue, resulting in a decrease of its reflectance slope compared with the cancerous tissue, which kept a stable value of 0.8. Regarding control \#3 (normal tissue before the GNRs injection), the mice's normal tissues were irradiated in different areas in the mice's skin tissue, and the reflectance slopes of the different areas were almost identical, resulting in a small standard deviation (small error bar in the left column in [Figure 4](#f4-ijn-7-449){ref-type="fig"}). This high similarity of these slopes indicates that any area of the skin can be irradiated, and the resulted reflection slope will always be lower than the tumor reflection slope 10 hours post the GNRs injection, enabling a consistent tumor detection.

[Figure 5](#f5-ijn-7-449){ref-type="fig"} emphasizes the difference between the slopes before GNRs injection and \>10 hours post-injection for the cancerous and normal tissues, as directly obtained from the reflected light intensity measurements. While the reflectance slope, which directly indicates the absorption coefficient of the normal tissue, is the same before GNRs insertion and \>10 hours post-injection, the tumor clearly represents a sharper slope. This clear discrimination between cancerous and normal tissue enables sensitive and specific cancer detection based on diffusion reflection measurements.

Discussion
==========

This work presents a novel in vivo cancer detection technique that utilizes the unique favorable absorption properties of GNRs in the NIR region. The ability to specifically deliver and target high concentrations of GNRs exclusively to the tumor significantly elevated the absorption coefficient of the tumor and enabled the discrimination (by more than 60%) between cancerous and noncancerous tissues. As opposed to NIR imaging techniques that utilize the scattering properties of the tissue, the key advantage of the proposed diffusion reflection technique is its ability to directly correlate between the absorbers' molecules concentration and the Γ(*ρ*) signal. Further investigation is required to best correlate between the diffusion reflection slope and the GNRs concentration in the tissue, which can indicate the tumor size. This noninvasive and nonionizing optical detection method is expected to provide a highly sensitive, simple, and inexpensive tool for cancer detection.

Conclusion
==========

A novel and simple method for cancer detection is presented. Using the absorption properties of gold nanoparticles, the detection of HNC was enabled based on diffusion reflection measurements of the cancerous tissue.
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![A schematic description of the experimental setup for the reflected light intensity measurements. Laser diode (650 nm) and an optical fiber (arrow) were used to irradiate the sample on a single point. The photodiode was in close contact with the sample surface. The micrometer plate moved in 20 incremental steps of 250 μm, enabling continuous measurements of the spatial reflectance from the sample, from 1 mm up to 6 mm from the laser diode position.\
**Abbreviations:** EGFR, epidermal growth factor receptor; GNR, gold nanorod; PD, photodiode.](ijn-7-449f1){#f1-ijn-7-449}

![Ultra-violet visible absorption spectra (normalized) of bare GNRs (25 nm × 65 nm), PEG-coated and anti-EGFR-coated GNRs, and transmission electron microscopy image of the bare GNRs (inset).\
**Abbreviations:** EGFR, epidermal growth factor receptor; GNRs, gold nanorod; PEG, polyethylene glycol.](ijn-7-449f2){#f2-ijn-7-449}

![Diffusion reflection intensity (in semi-logarithmic scale) as a function of the distance between the detector and the light source, for different phantoms as follows: (**A**) homogeneous phantoms with the same reduced scattering property μ~s~′ = 1.6 mm^−1^ but different absorption coefficients of 0.0064, 0.0126, 0.0180, 0.0227, and 0.0295 mm^−1^ (the solid, dashed, dotted, diamond marked, and triangle marked lines, respectively); and (**B**) a homogeneous phantom (the solid line) and phantoms with gold nanorod particles of different concentrations (the cross- and the circle-marked lines).](ijn-7-449f3){#f3-ijn-7-449}

![Comparison between the reflected light intensity slopes (absolute values) of the cancerous and normal tissues at several time points.\
**Notes:** The results are the average of five to ten diffusion reflection measurements of different mice. The error bars represent error of the mean. The highest error bar is of the normal tissue immediately post injection, indicating different rates of the gold nanorod flow in the different mice's blood.](ijn-7-449f4){#f4-ijn-7-449}

![Diffusion reflection intensity (in semilogarithmic scale) as a function of the distance between the detector and the light source. The graph emphasizes the difference between the slopes before GNRs injection and \>10 hours post-injection for the cancerous and normal tissues. While the absorption value and the reflectance slope of the normal tissue is the same before GNRs insertion and more than 10 hours post-injection, the tumor clearly presents a higher absorption value resulting in a sharper slope.\
**Abbreviation:** GNRs, gold nanorods.](ijn-7-449f5){#f5-ijn-7-449}

###### 

Zeta potentials of bare, PEG-coated and anti-EGFR-coated GNRs

  Sample                  Zeta potential (mV)
  ----------------------- ---------------------
  Bare GNRs               +13.1
  PEG-coated GNRs         +0.87
  Anti-EGFR-coated GNRs   +5

**Note:** The zeta potentials were measured while the GNRs were suspended in water with excess CTAB.

**Abbreviations:** CTAB, cetyltrimethylammonium bromide; EGFR, epidermal growth factor receptor; GNR, gold nanorod; PEG, polyethylene glycol.
